Introduction
============

Epstein-Barr virus (EBV) has been shown to act as a carcinogenic cofactor in the development of several lymphoid and epithelial cancers. Since its discovery in 1964 [@B1], EBV was found to have a direct association with a wide range of human malignancies and has been conclusively linked to infectious mononucleosis [@B2]. As a lymphotropic herpesvirus, EBV can establish lifelong latent infection in the host [@B3]. It preferentially infects B cells and occasionally epithelial cells (**Figure [1](#F1){ref-type="fig"}A**) with distinct entry modes [@B4]. The entry of EBV into B cells is typically receptor mediated [@B5]-[@B8], while the infection of epithelial cells appears to be mediated through cell-to-cell contact [@B9]-[@B14]. A novel quick and efficient "in-cell infection" method is used to infect epithelial cells [@B15]. It has been reported that non-muscle myosin heavy chain IIA facilitates EBV infection to nasopharyngeal epithelial cells [@B16]. In some cases, EBV infects CD4+/CD8+ T cells, nature killer cells, smooth muscle cells, as well as the monocytes, but with less infection efficiency [@B3], [@B17], [@B18].

Like all herpesviruses, EBV-infected cells undergo either lytic or latent growth during which only lytic phase produces infectious viruses with concomitant cell lysis (**Figure [1](#F1){ref-type="fig"}A**). Depending on the cell type, EBV-infected cells undergo four different latency programs (0, I, II, III). In infected B cells, location and the state of differentiation also determine the form of latency [@B19]. Naive resting B cells infected by EBV enter latency III (also called growth transcription program) with the expression of all nine known latent proteins, consisting of six nuclear antigens (EBNA 1/2/3A/3B/3C/ EBNA LP) and three membrane proteins (LMP 1/2A/2B). The infected cells exit the resting state to become proliferating lymphoblasts and convert to lymphoblastoid cell lines (LCLs) [@B20]-[@B22]. Latency III is the most-studied latency form as it is expressed when B cells are infected *in vitro*. While EBV infection in childhood is usually asymptomatic, infection after adolescence frequently causes IM, a type of EBV-associated non-malignancy where latency III is expressed. EBV latency III in immunocompromised or post-transplant individuals is strongly associated with lymphoproliferative disorders. Similar to antigen-activated B blasts [@B23], EBV-infected lymphoblasts might enter follicles, where some of the cells receive survival signals and undergo differentiation in the germinal-center to become memory B cells. Such signals are believed to drive the cells to enter latency II (also called default transcription program), a typical form of latency observed in nasopharyngeal carcinomas, gastric carcinomas, and Hodgkin\'s lymphoma [@B24]-[@B26]. This latency is presented with a restricted set of expressed latent proteins: EBNA1, LMP1, LMP2A and LMP2B [@B27]-[@B29]. Notably, LMP1 is not expressed in EBV-associated gastric cancer and the secreted protein BARF1 is expressed in epithelial cells [@B30]-[@B32]. Finally, the cells leave the follicles as resting memory B cells, which express only EBNA1 (latency I, also called EBNA1 only program) or no latent proteins at all (latency 0, also called latency program), and circulate between the peripheral blood and Waldeyer\'s ring [@B33]. Although latency I and latency 0 are commonly observed in healthy subjects, latency I is also observed in Burkitt\'s lymphoma. The major diseases associated with EBV latent infection are summarized in **Figure [1](#F1){ref-type="fig"}B**.

As discussed above, EBNA1 is expressed in all latency programs except latency 0, and is also present in all EBV-positive tumors and represents the only latent protein in some of these tumors, such as in latency I Burkitt\'s lymphoma. EBNA1 is involved in the maintenance of EBV episomes in infected cells [@B34]-[@B36]. The plasmid replication requires the binding of EBNA1 to two distinct regions in origin of replication (oriP) [@B37], the dyad symmetry (DS) and the family of repeats (FR) [@B35], [@B36]. DS contains four known EBNA1 recognition sites and is considered the initiation site of DNA replication [@B38]. The other functional region, FR, is a cluster of 20 tandem copies with each possessing an 18 bp palindromic EBNA1-binding site. FR primarily functions in mitotic segregation and transcriptional activation [@B39], [@B40]. It can also regulate DNA replication through blocking the passage of replication forks. No other latent protein is required for the replication and segregation of the viral genome by EBNA1, which is also known to regulate the transcription of other latent proteins by interacting with specific viral promoters.

The role of EBNA1 in proliferating EBV-infected cells has largely been confirmed. Several reports have shown that specific EBNA1 inhibition, including dominant-negative EBNA1 [@B41]-[@B43], and down-regulating of EBNA1 expression by antisense oligodeoxynucleotide result in growth inhibition [@B44]-[@B46], thus validating EBNA1 as a therapeutic target in EBV-infected cells. A recent study employed computational approaches to systematically investigate the structural details of the "druggable" binding sites on the EBNA1 protein, and suggested the feasibility of EBNA1 as a target for drug discovery [@B47]. Given the essential and unique roles of EBNA1 in EBV-associated diseases, as well as the computational evidence, it is not surprising that EBNA1 has emerged as one of the intensely studied viral proteins among EBV latent proteins and constitutes an attractive but an elusive target for therapeutic intervention of cancers associated with EBV latent infection.

This review will briefly summarize EBNA1 functional domains together with the recently identified functional moieties and describe various strategies that have been exploited to achieve specific EBNA1 inhibition. The reported compounds will be compared, for their growth-inhibition effect and selectivity as well as the employed cell lines. Inhibitors with *in vivo* applicability or clearly-identified mechanisms will be highlighted.

Overview of EBNA1 functional domains
====================================

EBNA1 is the first identified EBV protein and the only viral protein present in both latent and lytic phases. It is a well-defined DNA-binding protein that contains several functional domains (**Figure [2](#F2){ref-type="fig"}**).

The core DNA-binding and dimerization domain (DBD/DD) of EBNA1 is located at the C-terminus within a.a. 452-607 and is involved in all EBNA1 functions associated with oriP-binding [@B48]-[@B50]. EBNA1 DBD/DD binds oriP at the 18-bp palindromic site as a homodimer [@B51]. X-ray crystallography of DBD/DD in its apo- and DNA-bound form has been described [@B52], [@B53].

EBNA1 can stably interact with ubiquitin-specific protease 7 (USP7/HAUSP), for which the binding domain was mapped to amino acid residues 442-447 [@B54], [@B55]. EBNA1-USP7 binding is not required for its functions such as replication, segregation, and transactivation, but it plays an important role in regulating EBV DNA replication [@B54]. USP7 is known to regulate cell proliferation and apoptosis by interacting with p53 and Mdm2. USP7 can stabilize p53 by deubiquitination, resulting in p53-mediated growth repression and apoptosis [@B56]. EBNA1 can compete with p53 to bind the N-terminal a.a. 53-328 of USP7 [@B57] with a 10-fold stronger binding affinity [@B58]. Thus, EBNA1 can displace USP7 binding with p53 to protect the cells from p53-mediated apoptosis, probably contributing to cell immortalization, proliferation, and survival following infection with EBV [@B55], [@B59]. Furthermore, EBNA1 can independently interact with USP7 and casein kinase 2 (CK2) of the host cells to disrupt the formation of promyelocytic leukemia (PML) nuclear bodies (NBs) [@B60]-[@B62]. EBNA1 can enhance the association of CK2 with PML proteins, which, in turn, phosphorylates PML proteins and triggers their degradation. The binding of EBNA1 to USP7 has been shown to mediate the loss of PML. As PML NBs play an important role in p53 activation [@B63]-[@B65], the EBNA1-mediated disruption of PML NBs provides another mechanism for EBNA1 to increase the survival of EBV-infected cells in the development of nasopharyngeal carcinoma and EBV-associated gastric carcinoma [@B59], [@B60], [@B62].

EBNA1 primarily resides in the nucleus of EBV-infected cells. The nuclear localization of EBNA1 is regulated through the interaction between a short EBNA1 sequence (NLS, nucleus localization sequence, a.a. 379-386) and two importins (nuclear import adaptor, α1 and α5) [@B48], [@B66]-[@B68]. EBNA1 K379 and R380 were found to be necessary for its nuclear translocation [@B69]. Also, phosphorylation of EBNA1 S385 increased EBNA1 NLS-importin α1/α5 interaction and stimulated EBNA1 nuclear transportation [@B68], [@B69]. A recently described S385-phosphorylated EBNA1-importin α1 crystal structure confirmed that its increased nuclear transportation was a result of the enhanced binding between EBNA1 NLS and its minor binding sites on importin α1 [@B70].

Two linking regions (LR1 a LR2) are located at the N-terminal (a.a. 40-89) and central (a.a. 325-379) regions of EBNA1, each of which contains a Gly-Arg-rich domain (Gly-Arg, a.a. 40-64, a.a. 325-367) and a unique region (UR1, a.a. 64-89; UR2, a.a. 367-379). Gly-Arg domains facilitate DNA looping *in vitro* [@B71]-[@B73]. The central Gly-Arg domain and UR1 are responsible for transcriptional activation by EBNA1 [@B74], [@B75]. Gly-Arg interacts with several nucleosome-associated proteins for transactivation by EBNA1 [@B54], [@B76], [@B77]. The zinc ion is reported to be required for both transcriptional activation and self-association at UR1, which is regarded as a second dimeric interface of EBNA1 [@B78]. Also, UR1 was shown to associate with the bromodomain-containing protein 4 (Brd4) that facilitates transcriptional activation by EBNA1 [@B79]. Besides regulating transactivation, another key feature of central Gly-Arg domain is tethering EBNA1 (a.a. 325-376) to chromosomes for segregation of EBV episomes. Several studies have shown that the segregation by EBNA1 is achieved through attaching to EBNA1-binding protein 2 (EBP2) on the mitotic chromosomes [@B80]-[@B82], and both Gly-Arg regions were shown to bind several RNAs *in vitro* [@B83].

The Gly-Gly-Ala repeat region (a.a. 89-325) can decrease human leukocyte antigen (HLA) class I presentation of EBNA1 antigens by blocking proteasome-dependent degradation of these antigens, and weakens the T-cell response to the EBV latent infection [@B84], [@B85]. This is supported by the evidence that targeting EBNA1 for rapid degradation can enhance CD8+ T cell recognition [@B86]. Also, the Gly-Gly-Ala repeat domain negatively regulates EBNA1 translational efficiency to maintain low EBNA1 levels for evading the immune system of the host [@B87], [@B88]. The reduction in the translational efficiency of EBNA1 could be due to the formation of G-quadruplex in the Gly-Gly-Ala repeat region of the EBNA1 mRNA [@B89], [@B90].

Strategies for blocking EBNA1 expression or EBNA1-dependent functions
=====================================================================

Small-molecule or peptide inhibitors for proteins or protein-protein interactions have long been investigated with limited success [@B91]-[@B94]. Though the EBV viral protein EBNA1 was identified in 1971, the research was mostly focused on its critical functions (for reviews: [@B95]-[@B97]), and specific inhibition of EBNA1 as a potential therapeutic approach was investigated only in the last decade. Nevertheless, the growing body of studies of EBNA1 inhibition demonstrated that EBNA1 is a potential target for therapeutic intervention (**Figure [3](#F3){ref-type="fig"}**).

Inhibitors requiring Gly-Gly-Ala repeats
----------------------------------------

The first series of small-molecule inhibitors for EBNA1 belong to heat shock protein 90 (Hsp90) inhibitors reported by Kenney and colleagues in 2009 (**Figure [4](#F4){ref-type="fig"}**) [@B98], [@B99]. Hsp90 is known to facilitate folding, stabilization, and some functions of its associated proteins (also called client proteins). The Hsp90 inhibitors decreased EBNA1 expression in Burkitt\'s lymphoma and NPC cell lines without affecting its stability and half-life. The inhibition of EBNA1 expression was dependent on Gly-Gly-Ala repeats, because no decrease in the expression was observed for mutant EBNA1 lacking Gly-Gly-Ala repeats (EBNA1 ΔGA). Consistent with this observation, EBNA1 translation was decreased by Hsp90 inhibitors for full-length EBNA1, but not EBNA1 ΔGA. Furthermore, Hsp90 inhibitors exhibited significant growth-inhibition in both EBV-immortalized LCLs and EBV-induced lymphoproliferative disease in SCID (severe combined immunodeficient) mice. The inhibitory effect resulted from the decreased expression level of EBNA1. Thus, the Hsp90 inhibitors investigated in this study can be potentially used to treat EBV-associated diseases.

Hsp90 inhibitor (17-DMAG) treatment of LCL-EBNA1 ΔGA lines caused significant growth inhibition, while it did not decrease the expression of EBNA1 ΔGA. Since EBNA1 ΔGA should not affect any of the essential functions of EBNA1, this observation does not support the hypothesis that the decreased EBNA1 expression level contributed to growth-inhibition by Hsp90 inhibitors. This study also failed to describe the detailed mechanism by which Hsp90 inhibitors exhibited significant inhibition. Based on the recent reports that showed Hsp90 inhibitors decreased the expression of some oncogenic Hsp90 clients [@B98], [@B100], the authors hypothesized that EBNA1 was a client protein of Hsp90, which was disproved in the immunoprecipitation experiments.

Inhibitors blocking EBNA1-DNA binding
-------------------------------------

The research related to EBNA1 inhibitors focused on blocking EBNA1-DNA binding. Inhibitors have been reported that either competitively bind to EBNA1 or EBNA1-bound DNA and thus interfere with EBNA1-DNA binding activity. The X-ray crystallographic structure of EBNA1 DBD/DD in the apo- and DNA-bound form [@B52], [@B53] also facilitated identification of EBNA1 inhibitors by using screening techniques since EBNA1 has no known ortholog gene in humans.

The first inhibitor series of this kind was identified by Lieberman and colleagues through high-throughput in silico virtual screening [@B101]. This series identified four small molecules: SC7, SC11, SC19 and SC27 (**Figure [5](#F5){ref-type="fig"}**, upper panel), which, except for SC27, inhibited EBNA1-DNA binding (IC~50~ in the micromolar range). Although all three compounds could almost completely block EBNA1-mediated transcription, selective inhibition was only observed with SC19, as SC7 and SC11 could also non-specifically reduce the unrelated Zta-mediated transcription. Furthermore, SC11 and SC19 could also reduce the EBV genome copy number in the Raji Burkitt lymphoma cell line to 10-25%, while SC7 showed no apparent effect. SC7 and SC19 were recognized as the two top candidates and underwent molecular docking analysis. The simulation results could explain their inhibitory activities (IC~50~) against EBNA1-DNA binding, which were 23 and 49 μM, respectively. Besides binding to the DNA-binding sites of the EBNA1 protein, SC7 was also predicted to align well with the EBNA1-bound DNA sequence, which was not observed with SC19 and could be due to its bulky phenyl group imparting a different orientation when bound with EBNA1. These docking simulation results of SC7 and SC19 provide valuable information for future development of EBNA1-DNA binding inhibitors to increase the drug potency and selectivity.

In a separate study, the same group conducted another high-throughput screening and identified three more compounds LB2, LB3, and LB7 (**Figure [5](#F5){ref-type="fig"}**, middle panel) [@B102]. LB7 could selectively inhibit EBNA1-DNA binding, as reflected by its IC~50~ values (1 μM for EBNA1 binding and no observable inhibition for Zta binding), and its inhibitory activity was more potent than that of SC7 in a parallel comparison (2 μM for EBNA1 and 237 μM for Zta). In addition, LB7 was the only new compound that could reduce the EBV copy number (at 5 μM) but a high dose (100 μM) was required to inhibit EBNA1-induced transcription partially. It should also be noticed that the high concentration used in the transcription repression assay could cause cell death.

Screening approaches have been widely used for the development of small-molecule inhibitors and peptide inhibitors, such as for the identification of inhibitors against EBNA1-DNA binding [@B103]-[@B105]. It is well-documented that EBV viral genome loss causes cell apoptosis [@B41], [@B106]-[@B108], a phenomenon exhibited by some of the above-mentioned screened compounds. However, the effect of these inhibitors on cell growth was not examined in the previous studies. Furthermore, as pointed out by the investigators, these candidates would not likely be clinically relevant unless significant structural modifications are made to increase their specificity to the protein EBNA1.

An alternative strategy to block EBNA1-DNA binding is to occupy EBNA1 binding sites on viral DNA, typically the 5-\'TAGCA-3\'. A pyrrole-imidazole series was synthesized and investigated for the ability to target specifically the EBNA1-binding sequence and thereby affect EBNA1-dependent biological functions [@B109]. Among these DNA ligands, DSE-3 (**Figure [5](#F5){ref-type="fig"}**, lower panel) had the best performance in inhibiting EBNA1-DS interaction. DSE-3 showed selective, though not significant, growth inhibition in EBV-positive cells (IC~50~, \~60 μM in three LCLs and \>80 μM in Raji). DSE-3 could also reduce EBV genome copy number, suppress the expression of EBNA1, EBNA2 and LMP2, and prevent EBV-induced transformation of primary B cells. Despite these positive outcomes, DSE-3, and other DNA ligands, could possibly target the genomic DNA of the host cells, and thus affect the expression of some non-viral genes facilitated by EBNA1-host genome interaction [@B110], [@B111]. Thus, effects of these DNA ligands on the host genome remain to be further defined. Nevertheless, DSE-3 provided an interesting insight for the blockage of EBNA1-DNA binding.

Inhibitors blocking EBNA1-dependent episome maintenance or transcription
------------------------------------------------------------------------

By employing a screening approach, Kang *et al*. identified two small molecules, roscovitine and H20, against transactivation by EBNA1-oriP interaction (**Figure [6](#F6){ref-type="fig"}**, upper panel) [@B112], [@B113]. Because roscovitine is a known inhibitor of cyclin-dependent kinases (CDKs), eukaryotic linear motif (ELM) analysis of EBNA1 was performed that suggested serine 393 as a putative CDK site. The S393A mutant of EBNA1 was thereby employed, which confirmed that the transactivation inhibition by roscovitine depends on serine 393. Roscovitine could decrease the nuclear EBNA1 amount and increase cytoplasmic EBNA1, while EBNA1 nuclear/cytoplasmic distribution in the S393 mutant was unaffected by roscovitine treatment. Also, roscovitine could reduce EBV episome DNA and inhibit cell growth of LCLs. This study illustrated the role of S393 in nuclear import of EBNA1. In contrast, a subsequent study showed that mutation of S393 did not affect EBNA1 nuclear localization and its functions related to EBV DNA replication or segregation [@B114]. Instead, the S393 mutation abrogated PML NBs disruption by EBNA1 by binding to CK2, as mentioned previously [@B114].

The other small-molecule inhibitor, H20, prevented transactivation by EBNA1 and showed association with EBNA1. However, it failed to inhibit EBNA1-DNA binding directly. This observation was explained by a docking study, which suggested that the docking site for H20 in EBNA1 differs from the oriP FR binding pocket. To improve the ability to block EBNA1-DNA binding, structure-activity relationship analysis of H20 was conducted, which suggested H31 (**Figure [6](#F6){ref-type="fig"}**, upper panel) [@B113]. H31 showed inhibition of DNA binding, transactivation, replication, and EBV episome maintenance by EBNA1. H31 also exhibited selective inhibition of EBV-positive cells (10 μM, decreased by \~70%). Although H31 interfered with EBNA1-DNA binding, it failed to a show direct binding with EBNA1 DBD in a subsequent surface plasmon resonance (SPR) assay.

Inhibitors blocking linking regions (LR1 and LR2)-dependent functions
---------------------------------------------------------------------

Since RGG domains are known to bind with RNA [@B83], a study using electrophoresis mobility shift assay (EMSA) was performed to investigate whether EBNA1 prefers the structured RNA. The analysis confirmed the preference of G-quadruplex RNA to EBNA1 [@B115]. Since the RGG-like motif in LR1 and LR2 also functions in recruiting origin recognition complex (ORC) to oriP for viral DNA replication, several G-quadruplex-interacting molecules were employed to determine whether interference with EBNA1-RNA binding affects ORC recruitment. EBNA1-ORC2 association was most efficiently disrupted by BRACO-19 (**Figure [6](#F6){ref-type="fig"}**, middle panel), suggesting a necessary role of EBNA1-RNA binding for the recruitment of ORC by EBNA1. Thus, BRACO-19 was selected for further investigation. Treatment of Raji Burkitt lymphoma cell line with 10 μM BRACO-19 for three days decreased the EBV genome copy number to \~75%, while a longer treatment of 6 days caused growth inhibition in both Raji and LCLs. It also showed a modest inhibition of mRNA expression of EBNA2 and EBNA3A (\~20%), and decreased DNA replication and metaphase attachment by EBNA1.

Since AT-hooks on LR1 and LR2 (two Gly-Args) allow binding between EBNA1 and AT-rich DNA, AT-rich binders may interfere with this binding. Netropsin (**Figure [6](#F6){ref-type="fig"}**, lower panel) can bind to the minor groove of the AT-rich sequence of dsDNA [@B116], and has therefore been studied for its inhibitory activities on EBV genome replication and EBV-positive cell growth. Treatment with 10 μM netropsin could induce \~50% EBV plasmid loss as compared to the control group showing \~30% loss; 50 μM netropsin caused 53% growth inhibition in EBV-positive cells versus 31% inhibition in EBV-negative cells. Therefore, the inhibition by netropsin failed to show selectivity or efficiency. Also, whether netropsin could inhibit EBNA1-AT-rich DNA binding was not studied.

The strategies discussed in this section, as well as the previously described DNA ligands represent indirect approaches to inhibit EBNA1 function. Rather than directly binding to EBNA1, these ligands competitively interact with components EBNA1 associates with, thereby impairing functions exerted by EBNA1. These approaches may have limited applications. Especially, molecules that bind to EBNA1-binding sequences on viral DNA or RNA might also affect normal functions of host cells by binding to host DNA or RNA. From this perspective, small molecules that directly interact with EBNA1 domains are a preferred choice.

Inhibitors based on truncated peptides from EBNA1 dimeric interface
-------------------------------------------------------------------

Rather than small-molecule inhibitors, several peptides have been identified by using rational biochemical screening of the EBNA1 DBD/DD domain as EBNA1-DNA-binding inhibitors [@B117]. Three peptides, P83 (a.a. 552-566), P84 (a.a. 556-570), and P85 (a.a., 560-574), sharing the same a.a. sequence 560-566, showed almost complete blockage of EBNA1-DNA binding. Also, P85 was found to strongly associate with EBNA1 DBD/DD, as indicated by SPR assay, and treatment with P85 caused more than 50% decrease in EBNA1 transcription. Thus, a truncated peptide from EBNA1 DBD/DD was able to interfere with DNA binding and transcription by EBNA1. The study that previously discovered roscovitine also identified another small molecule EiK1 [@B112]. Like P85, EiK1 weakened DNA binding and transcription by EBNA1; however, it quickly dissociated from the dimeric EBNA1 in the SPR assay. The ability of EiK1 and P85 in interfering EBNA1 dimer formation was also studied via DSS crosslinker-mediated dimerization and yeast two-hybrid assays; the results of these two independent assays suggest that EiK1 seems to disrupt the self-association of the EBNA1 protein. In addition, whether the inhibition of EBNA1 function by P85/EiK1 can cause growth-inhibition in EBV-infected cells remains to be clarified.

The current pool of EBNA1 inhibitors mainly consists of small molecules. The study by Kim and co-workers indicated that EBNA1 DBD/DD is experimentally "druggable" by peptides that can inhibit EBNA1 function [@B117]. Despite encouraging results, effects of the peptides on cellular growth have not yet been studied. Furthermore, the poor water-solubility of the hydrophobic peptide is still a problem that has to be dealt with.

Inspired by the above study, JLP~2~ (**Figure [7](#F7){ref-type="fig"}**, upper panel) was designed to increase cell permeability and was fluorescently labeled for molecular tracking [@B118]. The conjugates, containing a peptide inhibitor and a water-soluble fluorophore, ensured selective cellular uptake and growth-inhibition in EBV-positive cells. The EBV-positive nasopharyngeal carcinoma cell line C666-1 treated with 20 μM JLP~2~ showed a \~50% decrease in cell viability, while no obvious inhibition was observed in the EBV-negative HeLa cells. The higher cytotoxicity of peptide conjugate compared to the unconjugated peptide may be due to the increased cell permeability, as indicated by confocal imaging and cellular uptake results. Molecular docking suggested JLP~2~ had a stronger EBNA1 binding than either JLP~1~ or P~2~. Luminescence titration analysis confirmed the stronger binding by JLP~2~, where a 1.5-fold emission enhancement was only observed for JLP~2~ upon addition of EBNA1.

The design of JLP~2~ represents a step forward, but its profile needs to be optimized including its non-specific cellular localization and its growth-inhibition of Burkitt\'s lymphoma line. We therefore designed a new series of probes, L~2~P~2~/L~2~P~3~/L~2~P~4~ [@B119]-[@B121], by incorporating an NLS (RrRK) moiety in the probe skeleton, which enabled nuclear localization and targeted nuclear EBNA1 (**Figure [7](#F7){ref-type="fig"}**, lower panel) [@B48], [@B122]. Molecular dynamics simulations suggested an unexpected role of RrRK, which formed salt bridges among several residues in the aspartate-rich tail of EBNA1 and thus contributed to stabilization of the NLS-containing probe-EBNA1 complex. Nuclear localization was demonstrated by the NLS-containing L~2~P~3~ and L~2~P~4~, whereas L~2~P~2~ only remained in the cytoplasm. The probe, L~2~P~4~, responded significantly to binding with EBNA1, exhibiting an 8.8-fold enhancement with a 25 nm blueshift of its emission because of the introduced intramolecular charge transfer-characterized fluorophore. The emission of this kind of fluorophore is highly solvent-dependent, thus protein-binding activity causes a change in its fluorescence, with a more significant change representing stronger binding activity. Among all tested samples, L~2~P~4~ exhibited the strongest binding to EBNA1, qualifying it as the best inhibitor in EBV-positive cells including NPC and Burkitt\'s lymphoma cell lines. *In vivo* growth inhibition by L~2~P~4~ in EBV-positive tumors was also confirmed. Furthermore, cross-linking dimerization assay results indicate that L~2~P~4~ likely interferes with the self-association of EBNA1 by direct binding to the dimeric interface. Moreover, the significant emission enhancement of L~2~P~4~ could also be potentially used to visualize cellular EBNA1. Thus, by resolving many drawbacks of traditional peptide inhibitors, L~2~P~4~ stands out as a novel solution for EBV-infected cells.

The key properties of various EBNA1 inhibitors are summarized and compared in **Table [1](#T1){ref-type="table"}**, including the time required and the employed cell lines. Notably, EBNA1 has a long half-life, which is usually more than 24 h [@B54], [@B123], so it requires a relatively long time for treatment by inhibitors in a viability assay.

Conclusions
===========

In the past decades, EBV has drawn attention due to its substantial contribution in the development of several lymphoid and epithelial malignancies. The crucial and unique roles of EBNA1 in maintaining EBV infection make it an attractive target for therapeutic intervention of EBV-associated cancers.

Efforts from the past decade in the design or identification of EBNA1 inhibitors have shown some progress on several fronts. For example, small-molecule inhibitors against EBNA1-DNA binding or peptide-based inhibitors from EBNA1 DBD/DD confirmed the "druggability" of EBNA1 for the treatment of EBV-positive cancers. Since inhibitors affecting EBNA1-DNA binding were mainly identified by screening approaches, they are unlikely to be structurally related to EBNA1. Therefore, further structural modifications of these inhibitors are required to increase their specificity to EBNA1. Peptides-based inhibitors possess the advantage of target specificity but suffer other short-comings including poor stability, short half-life and susceptibility to degradation by proteases preventing their effective delivery to the target tumors.

It is important to acknowledge that current EBNA1-targeted inhibitors are far from perfect and not ready for the clinic. Multidisciplinary efforts are required for designing structurally-relevant EBNA1-targeted inhibitors. In this respect, co-immunoprecipitation experiments and X-ray crystallography analysis could provide critical information on the structure of EBNA1 inhibitor complex. Similarly, molecular dynamics simulations as well as docking studies might afford valuable insights. Although L~2~P~4~ has been observed in tumor sections by imaging studies, monitoring the whole human body would be more difficult. It would be worthwhile to employ real-time and deep-penetrating imaging modalities, such as positron emission tomography imaging and magnetic resonance imaging, to gain a better understanding of the functions of EBNA1-targeted inhibitors.
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![**Overview of EBV infection and key diseases developing from EBV infection. (A)** EBV lytic and latent infection in EBV tropistic lymphocytes and epithelial cells. **(B)** Key diseases resulting from different infected cell lines in individuals.](thnov08p5307g001){#F1}

![Overview of EBNA1 functional domains.](thnov08p5307g002){#F2}

![**Recent developments of EBNA1 inhibitors.** The inhibitors are shown in their respective EBNA1 domains.](thnov08p5307g003){#F3}
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![**Chemical structures of EBNA1-DNA binding inhibitors.** Inhibitors in the upper and middle panel are identified via scrrening approaches that could block EBNA1-DNA binding. The inhibitor in the lower panel is a known DNA ligand that competitively binds the EBNA1-bound site on DNA.](thnov08p5307g005){#F5}
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![**Chemical structures of inhibitors based on peptides from EBNA1 DBD/DD.** Adapted with permission from [@B118], [@B119], copyright 2014 The Royal Society of Chemistry and 2017 Springer Nature.](thnov08p5307g007){#F7}

###### 

Comparison of *in vitro* growth-inhibition by EBNA1 inhibitors

  Inhibitor                   Conc. (μM)   Time (days)   EBV-positive cell lines   Cell number (cells/100 μL)   Inhibition (%)   Inhibition towards EBV(-) cells (%)
  --------------------------- ------------ ------------- ------------------------- ---------------------------- ---------------- -------------------------------------
  Hsp90 inhibitor - 17-DMAG   0.03         5             LCL1                      1×10^4^                      \~100            Not found
  LCL2                        1×10^4^      \~100                                                                                 
  DNA ligands - DSE3          40           8             LCL-1                     Not mentioned                \~70             Not found
  LCL-2                       \~70                                                                                               
  LCL-3                       \~70                                                                                               
  Raji                        \~50                                                                                               
  roscovitine                 5            16            GM3324 LCL                optimal growth density       \~85             Not mentioned
  H31                         10           7             AKATA^EBV(+)^             Not mentioned                \~78             Not found
  6                           1022 LCL     \~66                                                                                  
  BRACO-19                    10           6             Raji                      2.5×10^4^                    \~11             Not found
  LCL3456                     \~14                                                                                               
  LCL3472                     \~22                                                                                               
  netropsin                   50           15            SaII BL                   4-2×10^4^                    \~53             \~31
  JLP~2~                      20           1             C666-1                    1×10^4^                      \~51             Not found
  L~2~P~4~                    20           1             C666-1                    3×10^3^                      \~72             Not found
  NPC43                       \~72                                                                                               
  Raji                        \~53                                                                                               
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